Abstract A heterojunction structure between a cubic structured mesoporous titania thin film and polythiocyanogen inside the pores was prepared by electrodeposition technique. UV-Vis absorption and FT-IR spectra show that the electrodeposited material is polythiocyanogen and the SEM images show that polythiocyanogen is infiltrated into the pores of the mesoporous titania film. In addition, this heterojunction structure was fabricated into a photovoltaic cell and the cell performance was tested. The cell showed an overall efficiency of 0.03%.
Introduction
Heterojunction structures between semiconductors are important in modern technologies finding many applications in fields related with light harvesting or photon generation. In addition to the factors thus far considered to improve the performance of the heterojunction structures, the contact area between the two semiconductors will influence the efficiency since the operating mechanisms rely on the physics at the interface. In other words, the larger the contact area per apparent unit area of a multilayer device, the higher the efficiency of the device would be. In order to construct such a heterojunction structure with an intimate contact area, the interface must have an interdigitated nanostructure in 3D. Recently, pioneering works have begun to emerge in the literature mainly on multicomponent conducting polymer systems. [1, 2] On the contrary, this still remains as a paramount task for systems including inorganic semiconductors because of the lack of mobility of the latter. Because inorganic semiconductors are better than organic semiconductors in terms of physical properties, it would be much desirable if inorganic semiconductors could be processed to have heterojunctions with interdigitated nanostructures. In the present paper, we present a method that utilizes the synthesis of mesoporous titania thin films to produce a heterojunction structure between titania and polythiocyanogen with an interdigitated interface. We also demonstrate the photovoltaic effect of the heterojunction.
Experimental method
Cubic structured mesoporous TiO 2 films were synthesized through the self-assembly of a titania species and a non-ionic surfactant. [3] The titania species were in situ generated from the hydrolysis and condensation reaction of TiCl 4 with water and ethanol. A Pluronic type surfactant F-127 ((EO) 108 (PO) 70 (EO) 108 , EO = ethylene oxide, PO = propylene oxide) was purchased from Aldrich. A stock solution was prepared by dissolving TiCl 4 and F-127 in ethanol. The solution composition was TiCl 4 : F-127: EtOH = 1.9g :0.5g :10g. This solution was spin-coated on fluorine doped FTO glasses (Solaronix SA) under a controlled humidity at room temperature. The as-synthesized films were aged in a controlled humidity for 3 days, followed by calcination at 400°C for 2h to obtain cubic-structured mesoporous titania thin films with regular pores of 9nm in diameter. The thickness of the film was determined to be about 200 nm by a cross-sectional SEM.
The titania-polythiocyanogen heterojunction structure was formed by depositing polythiocyanogen inside the pores of the mesoporous titania thin films by electropolymerization of thiocyanate (SCN -) ions according to the literature method. [4] The electrochemical experiment was performed in a standard three electrode cell with a platinum plate and Ag/AgCl electrode as the counter and reference electrodes, and the FTO glass covered by the mesoporous titania film as the working electrode. The deposition was carried out under galvanostatic conditions (2mA⋅cm -2 for 180s) while keeping the KSCN electrolyte solution at 90°C. After finishing the deposition, an orange-yellow colored film was formed on the mesoporous titania film. The thickness of film was measured by a Field emission scanning electron microscope (FESEM, JEOL JSM6700F). The formation of polythiocyanogen was confirmed by FT-IR (Bruker IFS-66/S FT-IR spectrometer) and UV-Vis absorption spectroscopy (cary5000 spectrometer). FT-IR spectrum was obtained by the transmittance method. A photovoltaic device was fabricated by depositing a hole-conducting CuI layer onto the polythiocyanogen side with a 6.0×10 -3 CuI/acetonitrile solution followed by covering a FTO glass. The performance of the device was measured by a Keithley 2400 sourcemeter and a 300W Xenon lamp (ILC) as the light source. The average power of light was 70mW/cm 2 .
Results and Discussion
The mesoporous titania thin film we have synthesized can be characterized with 10 nm pores that are interconnected with one another into a cubic symmetry. on mesoporous titania film.
The wide angle X-ray diffraction pattern of this film showed that the titania was amorphous probably because of the low calcination temperature. The isotropic pore structure ensures that there are pore openings accessible from the film surface.
[5] Through these pores it was possible to introduce ions or molecules. In the present work, since we formed the titania film on a conductive substrate, FTO, we could polymerize thiocyanate ions to form polythiocyanogen inside the pores. We have chosen to deposit polythiocyanogen into the pores of the template because it is known to have electronic conductivity [6] and photosensitivity. [7] Figure 2 is the FESEM image of the mesoporous titania film-modified FTO electrode after deposition of polythiocyanogen into the pores. This image shows the mesoporous titania film and polythiocyanogen film on top of it. The lower part of the film is FTO layer, the 480nm thick layer is polythiocyanogen-mesoporous composite layer and the 200nm thick top layer of film is polythiocyanogen only. The orange color of the titania/polythiocyanogen composite film is characteristic to the polythiocyanogen of a bandgap 2.25eV. [4] Further evidences for the formation of polythiocyanogen were obtained from the FT-IR and UV-Vis absorption spectra of the film that showed all the characteristics of polythiocyanogen. (Figures 3 and 4) In the IR spectrum, the signals at 1630~1640cm -1 are asymmetric and symmetric stretching of the -CN group, the bands at 1220cm -1 correspond to polymer derivative, and the peak at 668cm -1 can be assigned to the CS stretching mode. [8] [9] The UV-Vis absorption spectrum in Figure 4 agrees with that of polythiocyanogen with a band edge at 550nm and absorption maximum at 450nm. It is not possible to directly prove that the polythiocyanogen fills all the pores and has an interconnected 3D nanostructure. However, in similar studies using mesoporous silica templates, instead titania, we could remove the templates after the deposition and observe that the guest materials replicated the pore structures and formed a 3D nanostructures of their own. [10] Therefore, it is logical that the deposited polythiocyanogen has a 3D network structure. Furthermore, since the polymer is formed inside the pores of the titania template, the contacting area between them is very large. The very fact that polythiocyanogen could be deposited by electrochemistry proves that it has a continuous structure. Solar cells using titanium dioxide in conjunction with organic materials have been investigated in many researches. [11] [12] [13] [14] [15] Although dye sensitized solar cells are very promising with the highest performance among them, solid state solar cells have more appealing features in terms of durability. [16] [17] In fact, a photovoltaic cell composed of polythiocyanogen and titania layers has been reported.
[4] Therefore, we have tested our heterojunction structure for photovoltaic effect.
The band gap energy of polythiocyanogen was calculated from the adsorption edge is 2.25eV. This appears to match well with the electronic structure of titania for conversion of photon into electricity.
The bandgap of the titania in the composite is expected to be slightly larger than 3.0eV because of it is amorphous. Based on these, one may derive a band diagram of the cell as shown in Figure 5a . In this figure, we added a hole-conducting CuI layer that have previously used in conduction with polythiocyanogen. If one takes into consideration that the titania and polythoicyanogen have an intimate contact in the nanometer scale, the diagram in Figure 5b seems more appropriate. Figure 6 shows the IV-data of our heterojunction solar cell. The performance of this cell is not high with parameters J sc 0.117mA/cm 2 , V oc 0.49V, and FF 0.37; the overall conversion efficiency is 0.03%. Compared with the data of literature using disordered titania that has parameters J sc 2mA/cm 2 , V oc 0.325V corresponds to 0.3% overall conversion efficiency, the performance of our photovoltaic cell is not satisfactory. Most of all, the problem of low current density, which probably comes from the too thin titania wall and polythiocyanogen, needs to be solved. Mesoporous titania thin films with thicker walls and larger pores appear to be more desirable. Also the low fill factor, which appears to be of the same origin, needs to be improved greatly for this type of solar cell to have a practical value. Nevertheless, it is important that this example is the first demonstration of a nanoscale heterojunction involving an inorganic semiconductor that shows a promising result for real applications. Further studies towards better performance out of this protocol are currently in progress. 
